We investigated the long-term estrogenic influence of genistein on the male reproductive system in mice. Newborn ICR male mice were treated with genistein (10, 100, or 1000 , tg/mouse) for neonatal 5 days. As positive control, administration of diethylstilbestrol (0.5-50 pg/mouse) was carried out. In mice exposed to genistein,we examined weight of testes, sperm counts, sperm motility, and mRNA expression levels of estrogen receptor a (ERa) and androgen receptor (AR) at 4, 8 or 12 weeks after birth. Moreover, at 12 weeks of age, we evaluated protein level of ERa. In our conventional reproductive-toxicological study (weight of testes, sperm counts and sperm motility), neonatal transient exposure to genistein did not show adverse effects on the male reproductive system in 4, 8 or 12 week old mice. However, in mice treated with genistein mRNA expression levels of ERa and AR were reduced at 8 weeks. This reduction was recovered at 12 weeks in mice treated with a lower dose (10 ICg) of genistein but not in those with higher doses (100 pg and 1000 rig). In addition, ERa protein levels tended to decrease in 12 weeks of adulthood.
RECENTLY, chemical compounds which have estrogenic effects and bind to estrogen receptors a (ERa) and j9 (ERj3) are called endocrine disrupting chemicals (EDCs). Neonatal treatment of animals with estrogens, including the synthetic estrogen diethylstilbestrol (DES), has been reported to cause marked atrophy of the testis [1], reduction of testosterone [2] , and testicular carcinoma [3] , and uterine adenocarcinomas [4] , and cervicovaginal lesions [5] .
In addition to EDCs, phytoestrogens have been noted as estrogenic compounds in the environment. Phytoestrogens such as genistein, daizein and coumestrol are nonsteroidal, weakly estrogenic compounds produced by plants, and are known to bind to ERa and ERJ3 [6] . Previous reports have described phytoestrogens as having both adverse and beneficial effects on the female reproductive system [7] . For instance, coumestrol causes infertility of sheep (clover disease) [8] , and daizein significantly decreases ERa and androgen receptor (AR) mRNAs in rat uterus [9] . Also for the male reproductive system, neonatal exposure to high doses of genistein induced structural changes in the urethroprostatic complex of rats [10] , and inhibited the growth and proliferation of testicular cells [11] . Further, maternal vegetarianism in pregnancy was associated with fetal hypospadias [12] . On the other hand, many investigators have reported that the incidence of hormone-dependent tumors such as prostatic cancer is lower in people having high isoflavones (genistein, daizein, etc.) than in people who do not [13] [14] [15] [16] [17] .
These reports indicate that phytoestrogens effect the male reproductive system. However, little is known about their effects on sexual hormone receptors (ERa, ERJ3 and AR) in testis. ERa is localized in nuclei of Leydig cells, round spermatocytes and spermatids in the testis, and ERJS is found in Sertoli cell nuclei, and AR is localized in nuclei of Sertoli cells, peritubular myoid cells and Leydig cells during prepubertal development [18, 19] . A recent study has demonstrated that ERa knockout mice show male infertility in adulthood [20] . Defects in the AR gene lead to the production of dysfunctional AR protein with abnormally low sperm production and male infertility [21] . Thus, ERa and AR might be important factors for spermatogenesis and normal development and function of male reproductive organs. In the present study, we investigated the effects of genistein and DES on the weight of testes, sperm counts, sperm motility, and expression of ERa and AR in the testis of mice.
Animals

Materials and Methods
Pregnant mice of ICR strain were purchased from Charles River Japan Inc. (Yokohama, Japan). All mice were kept under 12 hours light/12 hours dark conditions at 23-25°C and were allowed access to genistein-free laboratory diet (CE-2, Clea Co., Tokyo, Japan) and tap water ad libitum. All animals were maintained in accordance with the Chiba University Guidelines for animal experimentation. Newborn mice were given daily subcutaneous injections of 0.5, 5 or 50 ig of DES [22] (Sigma Chemical Co., St Louis, MO) in 20 aL of sesame oil, or 10, 100 or 1000 pg of genistein [23] (Wako Chemical Co., Osaka, Japan) in 20 ttL of olive oil for 5 days from the day of the birth. As controls, subcutaneous administration of 20 aL of sesame oil or olive oil without DES and genistein was given to newborn mice. Each group had 8 pups.
Measurement of male reproductive-toxicological parameters Animals were sacrificed at 4, 8 or 12 weeks of age. At autopsy, weight of testes, sperm counts and sperm motility were measured as reproductive parameters. Sperm was extracted from epididymides according to the methods of Ikegawa et al. [24] , and then sperm counts were calculated from the number of extracted sperm and the weight of the epididymides. Sperm motility efficiency (ME/min) was measured by the Mitsukawa method [25] .
RNA extraction and quantitative RT PCR Total cellular RNAs were purified from frozen testicular tissues using TRIZOL® reagent (Gibco-BRL, Gaithersburg, MD). A complementary DNA (cDNA) mixture was produced from 1 j g total RNA using reverse transcription-polymerase chain reaction (RT-PCR) RT-201 kit (Toyobo, Osaka, Japan) and random hexamer according to manufacture instruction.
Primers used in PCR were as follows: ERa graph of the gel stained with ethidium bromide. Intensity of the ethidium bromide luminescence was measured using NIH Image software. Densitometric values were plotted semilogarithmically against the reaction cycles, and the initial amount of the template was estimated from regression lines fitted to the data in the linear portion of the curve [26] . Amount of glycerol-3-phosphate dehydrogenase (G3PDH, Gene Bank accession number NM 008084) was also measured as an internal standard using the following primers; sense primer 5'-ACCACAGTCCATGCCA TC AC-3' (positions 566-585) and anti-sense primer 5'-TCCCCACCCTGTTGCTGTA-3'
(positions 1033-1052).
Western blotting
The organic phase of TRIZOL® extracted from total RNA preparation was dialyzed against 0.1% sodium dodecyl sulfate (SDS) and proteins were precipitated by 25% trichloroacetic acid. Precipitated proteins were resolved in the sample buffer (50 mM Tris-HCI, pH 6.8, 1% SDS, 10% glycerol, 5% 2-mercaptoethanol and 0.1% bromophenol blue). Aliquots containing 10 tcg of protein were electrophoresed on 6% polyacrylamide gel, and then proteins were transferred to polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Richmond, CA). The proteins were detected using Western blotting detection reagent, ECL (Amersham, Buckinghamshire, England) with anti-human ERa monoclonal antibody CL-ER-6F11 (diluted 1: 100, NOVO, Newcastle, U.K.), using were Kaleidoscope prestained standards (Bio-Rad) as markers.
Results
Effects of transient exposure to DES or genistein on the male reproductive system at conventional reproductive-toxicological level To investigate effects of neonatal exposure to DES (0.5, 5 and 50 tcg) or genistein (10, 100 and 1000 tag) on the male reproductive system, the weight of testes and semen quality (sperm counts and motility) were measured at 12 weeks of age (Fig. 1) . The 0.5 ag DES-treated group did not show clear difference from the control group, while 5 tag and 50 tag DEStreated groups showed dose-dependent decrease in all parameters.
In the 50 ig DES-treated group, the relative values of testis weight, sperm counts and sperm motility were decreased to 65%, 36% and 33% of control group, respectively. On the other hand, no parameters were affected significantly by genistein treatment, although relative testis weight exhibited a slight tendency to increase depending on the dose of genistein.
Effects of transient exposure to DES or genistein on the male reproductive system at molecular level To examine molecular-biological changes in testes of mice exposed to DES and genistein, the expression of hormone receptor mRNAs (ERa and AR mRNA) was measured by quantitative RT-PCR methods. In testes of 12 weeks old mice transiently exposed to 50 tag of DES at neonatal stages, DES caused reduction of the expression of ERa and AR mRNAs ( Fig. 2A) . At 12 weeks of age, expression levels of ERa and AR mRNAs were reduced depending on the dose of DES, even though mice were only transiently exposed to DES at newborn period (Fig. 2B) . Thus, mRNA expression levels of ERa and AR can be used as biological markers (biomarkers) for the effects of DES on male reproductive organs at the molecular level.
Neonatal exposure to 1000 pg of genistein reduced expression levels of ERa mRNA and AR mRNA in testes at 12 weeks of age (Fig. 3A) . For a series of experiments on genistein, expression levels of ERa mRNA and AR mRNA were examined at three doses (10, 100 or 1000 gig) and three survival periods (4, 8 or 12 weeks) (Fig. 3B) .
The relative amounts of ERa mRNA and AR mRNA were shown to be lower than those of control groups at all dosages and periods. In particular, the expression levels of ERa mRNA in mice treated with 1000 pg genistein were only 20-40% of control levels at all periods, and similar results were observed in mice treated with 10 ~Cg and 100 pg especially at 8 weeks. In 10 ig genistein-treated mice, expression levels of ERa mRNA were restored to 80% of control group at 12 weeks, but the groups treated with 100 ~Cg and 1000 ig kept those levels reduced for longer periods of time. The relative expression levels of AR mRNA were similar to those of ERa mRNA except that the AR level in mice treated with 100 tg genistein was only 20% of control level at 4 weeks (Fig. 3B) . We also investigated the expression level of ERa protein at 12 weeks of age. In Western blotting analysis, we examined three mice treated with 1000 ig genistein, a typical of which is shown in Fig. 4A . Single immunoreactive band (75,000 dalton molecular weight) was detected by anti-ERa antibody. The band of ERa in a genistein-treated mouse was fainter than that of the control. Further, the intensity of bands quantified by densitometry showed that the expression level of ERa protein was markedly decreased in genistein-treated mice (Fig. 4B) . These experiments showed that mRNA expressions of ERa and AR and protein level of ERa were reduced by neonatal exposure to genistein.
Discussion
In the present study, we showed that transient neonatal exposure to DES induced reduction of the weight of testis, sperm counts and sperm motility in adulthood, a finding which consistent with previous studies [27, 28] .
However, genistein treatment was shown to have no detectable effects on these parameters. In previous studies, neonatal exposure to genistein has been reported to induce structural changes in the urethroprostatic complex of rats [10] and inhibition of the growth and proliferation of testicular cells in mouse [1 1 ] . On the other hand, it has also been reported that neonatal treatment with genistein does not alter adult testis weight and most males exhibit normal mating and fertility, though a minority is infertile [29] . Thus, effects of genistein on the male reproductive system seem to be hard to detect by the conventional reproductive-toxicological studies.
Differential effects of DES and genistein might be attributed to the fact that genistein has very weak estrogenic activity compared to DES [30] . In addition, the fact that genistein is a tyrosine kinase inhibitor [31] may also be related with the different effects between DES and genistein.
Previous studies have reported that the spermatogenesis is delayed between postnatal 24 and 49 days in DES-treated rats, but it recovers by 12 weeks [27] . It is also reported that serum FSH level which regulates spermatogenesis [32] is significantly suppressed at 18 days of age in genistein-treated mice, but it also recovers postnatally, and mating activity and fertility become similar to those of control in adulthood [29] . These studies suggest that the delayed spermatogenesis caused by neonatal exposure to estrogenic compounds recovers in adulthood.
Recovery of maturational development of AR immunoexpression patterns by postnatal 35 days has also been reported in DES-treated rats showing delayed patterns between postnatal 18 and 25 days [33] . However, in the present study, the expression levels of ERa mRNA and AR mRNA of DES-treated mice were still lower than those of control in adulthood at 12 weeks. Though the reduction of the expression of these receptors by neonatal treatment with estradiol benzoate has been noted in rats at younger stages (i.e., 45 days of age) [34] , the present study has demonstrated that such an effect remains even in adulthood (i.e., 12 weeks of age).
Furthermore, the present study revealed that the B panel: Relative amount of ERa and AR mRNAs in 12 week old mice neonatally exposed to 0.5, 5 or 50 pg DES. Expression levels of these mRNAs were estimated as described in detail in Materials and Methods.
Value of the control group was regarded as 1.00. Each point shows the mean of triplicates and each bar indicates SD. N=3 in each group. *: p < 0 .05 vs control.
genistein-treatment also causes the reduction of expression of these receptors in spite of undetectable effects by conventional reproductive-toxicological parameters. The relative amounts of ERa and AR mRNA were less than 40-50% of control in mice treated with higher (100 pg and 1000 pg) doses, although the mice treated with a lower dose (10 ,ug) showed a tendency to recover expression levels of ERa and AR in adulthood. Thus, higher doses of genistein have more severe and long-term effects on the expression of ERa and AR. At 8 weeks, these expression levels were inhibited independent of the dose genistein. Although this result needs further investigation as to its biological functional significance. In addition, expression protein levels of ERa also were shown to be the reduced in adulthood. These results suggest that estrogenic compounds, even if their activity is not so strong, have long-term effects on the reproductive system at molecular levels.
Many phytoestrogens sensitively bind more to ERJ3 than ERa, and show estrogenic effects [6] . But the expression of ERJ3 has been detected as a weak hybridization signal in Sertoli cells and Leydig cells [19] , and it diminishes to undetectable levels from postnatal 26 days by the use of ribonuclease protection assay [35] . Also in the present study, we could not detect ERJ3 mRNA expression by quantitative RT-PCR at 12 weeks of age in control mice (data not shown).
In the environment, there are many chemical compounds which have weak estrogenic activity like phytoestrogens, and people have ample opportunity for exposure to such weak EDCs, including daily intake of soy foods which contain a large amount of phytoestrogens such as genistein. Although there is no report that prenatal or neonatal exposure to phytoestrogens causes any disorders in humans, it might be better for breast-feeders, infants and pregnant women to refrain from ingesting large quantities of soy foods.
In 
